A gene which was shown to be cotranscribed with the NAD ؉ -dependent malic enzyme gene (maeE) of Streptococcus bovis ATCC 15352 was revealed to encode L-malate-specific permease (MaeP), which showed high activity at low pHs (pH 5.1 to 5.9). MaeP was strongly inhibited by the ionophores nigericin and valinomycin.
Streptococcus bovis is known to be a very rapidly growing ruminal bacterium that flourishes in the rumen if the diet contains an abundance of starch (12) . The sugar transport systems (21, 22, 26) and the bioenergetics of growth on glucose of this organism (5) have been well studied. The amylase gene and lactose catabolic genes were cloned and analyzed (6, 11) . However, the organic acid metabolism of this organism has been little studied genetically and biochemically. We previously reported purification of the NAD ϩ -dependent malic enzyme [(S)-malate:NAD ϩ oxidoreductase (decarboxylating); EC 1.1.1.39] and cloning of the DNA fragment carrying a malic enzyme gene (maeE) and of a truncated open reading frame (truncated maeP) whose function is unknown from this organism (15) . The malic enzyme catalyzes the reversible NAD ϩ -dependent decarboxylation of L-malate to pyruvate, while the malolactic enzyme catalyzes the decarboxylation of L-malate to L-lactate. In Leuconostoc oenos, an L-malate permease gene (mleP) was shown to be located immediately downstream of the malolactic enzyme gene (mleA) (18) . In this study, we determined that maeP of S. bovis is also an L-malate permease gene.
Sequence analysis of maeP. In order to determine the entire sequence of maeP, a 0.6-kb fragment upstream of the PvuII site of truncated maeP was subcloned from a 4.6-kb DNA fragment in pSK1 (Fig. 1A) and sequenced by the dideoxy method with a BcaBEST dideoxy sequencing kit (dCTP version; Takara, Kyoto, Japan) and a Sequenase version 2.0 DNA sequencing kit for labeled dCTP (Amersham United States Biochemical, Cleveland, Ohio). A putative ATG codon preceded by a potential Shine-Dalgarno sequence (AGGAGG) (9) was found. The entire sequence of maeP consisted of 1,326 nucleotides and was deduced to encode a polypeptide of 441 amino acid residues. Computer analysis with the GENETYX program (Software Development Co., Tokyo, Japan) revealed that this polypeptide had a molecular weight of 47,200 and an isoelectric point of 9.3. A hydrophobicity profile of the polypeptide obtained by the method of Kyte and Doolittle (17) showed the alteration of 22 to 25 amino acid residues of the hydrophobic and hydrophilic regions, which is typical of an integral membrane protein (32) . The profile of MaeP indicated an N-terminal hydrophilic region followed by seven hydrophobic, two hydrophilic, two hydrophobic, one hydrophilic and four hydrophobic regions.
The homology of MaeP with database protein sequences was calculated with the BLAST (1) network service. MaeP did not show homology with mleP of L. oenos (18) but showed homology with some bacterial citrate transport proteins (Table 1) . MaeP did not show homology with other types of bacterial citrate transport proteins deduced from the plasmid-located citA gene of Escherichia coli (13, 28) , the chromosome-located citA genes of Citrobacter amalonaticus (7) and Salmonella typhimurium (29) , and the plasmid-located citH gene of Klebsiella pneumoniae (32) .
Northern blot analysis. S. bovis ATCC 15352 was maintained at Ϫ80°C in malic enzyme induction medium (15) containing 15% glycerol and preincubated at 37°C for 12 h without shaking. The preculture was diluted 20-fold with the medium and then incubated at 37°C without shaking. Cells at the midlog phase were harvested, and total RNA was extracted from the cells by the guanidine method (2, 4), separated on an agarose-formaldehyde gel, and then used for Northern blot analysis, which was performed with a digoxigenin DNA labeling and detection kit (Boehringer GmbH, Mannheim, Germany) and concentrated chemiluminescent substrate for alkaline phosphatase (TROPIX, Bedford, Mass.) according to the manufacturers' instructions. SspI-SspI (0.86-kb) and DraIIIDraIII (0.66-kb) fragments were used as maeP and maeE probes, respectively (Fig. 1A) .
Each probe detected a 2.7-kb transcript ( Fig. 2) , suggesting the cotranscription of maeP and maeE, which is in accordance with the results of sequence analysis (Fig. 1A) .
Function of maeP expressed in E. coli dct mutants. We constructed plasmid pSK4 for the expression of maeP. A 1.9-kb XbaI-HincII fragment carrying maeP, but not maeE, was produced by restriction digestion with XbaI, HincII, and HindIII of pSK1 and inserted into pUC18 digested with XbaI and SmaI in the same direction as pSK1, resulting in plasmid pSK4 (Fig.  1A) . We then examined whether pSK4 complemented E. coli K-12 dicarboxylic acid transport mutants (dct) CBT312 (sdh-2 rpsL129 dctA2 thi-1) and CBT38 (leuB6 lacY1 dctB3 bioA2 rpsL129 thi-1 Ϫ ) (19) , which were kindly provided by B. J. Bachmann, E. coli Genetic Stock Center. Since the E. coli K-12 wild type lacks a citrate transport system (25) , these E. coli K-12 dct mutants cannot transport citrate. These mutants were transformed with pSK4, and as a control they were transformed with pUC18. The transformants were streaked onto M9 minimal medium (2) plates containing L-malate as a sole carbon source and then incubated at 37°C. The transformants was checked on M9 minimal medium plates containing glucose as a sole carbon source. After a 90-h incubation, the mutants carrying pSK4 formed visible colonies on the plates but the mutants with pUC18 did not. The consumption and lack of consumption of L-malate by dct mutants carrying pSK4 and pUC18, respectively, were also confirmed by using MLD medium (3) and high-performance liquid chromatography (HPLC) analysis. MLD medium was developed for the screening of malolactic fermentation by lactic acid bacteria (3) . The consumption of L-malate in MLD medium increases the pH of the medium and turns the medium blue. The E. coli dct mutants carrying pSK4 and pUC18 turned MLD medium blue and yellow-green, respectively. HPLC analysis was performed at room temperature on a Shodex ion pack C-811 column (8 by 500 mm) equilibrated with 10 mM HClO 4 at the flow rate of 1.0 ml/min, with sample detection at 209 nm. Furthermore, HPLC analysis (27) at 37°C with shaking for 18 h. The cells were collected, washed with 50 mM potassium phosphate buffer (pH 5.9), and then resuspended in a small volume of the same buffer. The concentrated cell suspension was diluted to an A 550 of 1.2 in the reaction mixture, and after a 30-s preincubation at 30°C, the reaction was started by the addition of all-carbonlabeled L-[1,4(2,3)- Fig. 3A) . Obvious L-[ 14 C]malate uptake by CBT312 carrying pSK4 was observed in the pH range of 5.1 to 5.9 (Fig.  3B) , while uptake by wild-type MG1665 with pUC18 was high at pH 6.7 to 7.3 (Fig. 3C) , which was in accordance with the results obtained in the membrane vesicle experiments involving E. coli K-12 CB11 (24) . The presence of 50 M valinomycin or 50 M nigericin decreased uptake activity by about 50% (data not shown). 1 ) and was the same as that described in the text except that nonlabeled and neutralized organic acids or metal ions or ionophores were added. L-mal, L-malate; suc, succinate; fum, fumarate; cit, citrate; D-mal, D-malate; DL-lac, DL-lactate; 2-oic, 2-oxoisocaproate; 2-oiv, 2-oxoisovalerate. Their final concentrations are shown. 0* indicates that the reaction mixtures contained 10% metanol, since the ionophores were dissolved to 1 mM in 99.8% metanol and then added to the reaction mixtures. (Fig. 2) showed that S. bovis cultured in malic enzyme induction medium transcribed maeP, indicating the expression of maeP. S. bovis was cultured in malic enzyme induction medium for 24 h, followed by the L-[ (Fig. 3D) , which is in accordance with the results obtained in E. coli dct mutant experiments. Uptake was not inhibited by other organic acids (Fig. 4A) , suggesting that MaeP is specific for L-malate. This does not contradict the result of the complementation study described above. The strong inhibition by the ionophores nigericin and valinomycin (Fig. 4B) indicated that L-malate uptake by S. bovis requires a membrane potential, since nigericin disrupts membrane potential (30) and valinomycin is a K ϩ -selective ionophoric cyclodepsipeptide (31). 2-Oxoisocaproate and 2-oxoisovalerate were examined, since the S. bovis malic enzyme acts on them (15) . We thought that MaeP of S. bovis was different from the dicarboxylic acid transport (dct) systems of E. coli K-12 and Rhizobium meliloti, which are involved in not only L-malate but also fumarate and succinate uptake (10, 16) . On the other hand, cells of S. bovis cultured in glucose medium (in which L-malate in the malic enzyme induction medium was replaced by 0.4% glucose) did not show uptake activity, and a cell extract of these cells also did not show malic enzyme activity (data not shown). These data did not contradict our experimental data showing the cotranscription of maeP and maeE.
Function of MaeP in S. bovis. Northern blot analysis
The high uptake of L-malate by S. bovis MaeP at a low pH led us to presume that S. bovis grows better under acidic conditions in medium containing L-malate as the main carbon source. In the malic enzyme induction medium, S. bovis, however, did not grow better under weak acidic conditions than under neutral or weak alkaline conditions (Fig. 5 ) and L-malate was consumed more slowly under weak acidic conditions (data not shown), suggesting that weak acidic conditions are not better for living cells of S. bovis, even though MaeP of S. bovis is effective at a low pH. MaeP activation at a low pH also made us propose that MaeP is a proton symporter. Low pH may provide a cotransport substrate, proton, for MaeP under the assay conditions. Under physiological conditions where a proton gradient is being continuously formed, MaeP can transport L-malate even at a neutral pH. Perhaps L-malate decarboxylation by malic enzyme (MaeE) contributes to a formation of a proton gradient via a secondary transport system (23) . At all pH values above 5.1, the doubly ionized species of L-malate predominates, since pK a values for L-malate at 25°C are 3.4 and 5.2 (20) . Thus, we supposed that MaeP recognizes doubly ionized L-malate.
Simplification of the MLD medium. Since the MLD medium (3) contained many components required for the growth of lactic acid bacteria, we simplified it and found that a simplified MLD medium, designated LT medium, could be used to detect L-malate consumption by E. coli dct mutants carrying pSK4. LT medium comprised 1.0% tryptone, 0.5% yeast extract, 1.0% L-malate, 1.0 ml of Tween 80 per liter, and 0.006% bromocresol green and was adjusted to pH 5.2 with NaOH. A stock solution of bromocresol green (2.0 mg of 0.01 N NaOH per ml) was prepared and added as a pH indicator. We consider the LT medium useful for detecting the L-malate transport activity of L-malate permease expressed in E. coli dct mutants in further study of the permease.
Nucleotide sequence accession number. The sequence data for the S. bovis maeP gene have been submitted to the GenBank database and assigned accession no. U35658.
